A novel serpentine channel structure is used to mask the sapphire substrate for the epitaxial growth of dislocation-free GaN. Compared to the existing epitaxial lateral overgrowth methods, the main advantages of this novel technique are: (a) one-step epitaxial growth; (b) up to 4 times wider defect-free regions; and (c) the as-grown GaN film can be transferred easily to any type of substrate. TEM, etch pits and cathodoluminescence experiments are conducted to characterize the quality of as-grown GaN. The results show that the average etch-pit density in the yet-to-beoptimized GaN epi-layers is about 4 Â 10 5 cm
I. INTRODUCTION
GaN and its related alloys have emerged as eminently useful materials for the fabrication of green-to-ultraviolet light-emitting diodes (LEDs), [1] [2] [3] laser diodes (LD) 4 and also high-power, high-efficiency transistor devices 5 due to their widely tunable bandgap. Heteroepitaxial growth of GaN on foreign substrates, such as Si, sapphire and SiC, is an important and fundamental technological challenge because of the lack of GaN substrates. With up to 17% lattice mismatch, the growth proceeds via island nucleation and coalescence, and the associated density of dislocations is typically 10 8 -10 10 cm À2 in un-patterned GaN epi-layers. Although GaN devices have been shown to be relatively immune to performance degradation due to dislocations, it has been increasingly realized that the high density of dislocations greatly limits the application potential of GaN-based devices, [6] [7] [8] especially for high performance applications. Many efforts have been made to reduce the dislocation density in GaN films. [9] [10] [11] [12] [13] [14] [15] [16] Among these techniques, a variety of epitaxial lateral overgrowth (ELO) approaches have been proven to be effective in reducing dislocation density in GaN. Low dislocation density of 10 6 -10 7 cm À2 can be achieved utilizing these methods, however, these methods suffer from two main drawbacks. First, these methods need two epitaxial growth steps leading to high fabrication cost. Second, there are two high-defect regions per mask opening due to either, the dislocation "leakage" at the edges of the mask, or the coalescent fronts thereby limiting the maximum achievable width of continuous low dislocation regions. [12] [13] [14] [15] [16] In this study, we report a novel mask with serpentine shaped channels that requires only one epitaxial growth step for obtaining GaN films with low dislocation density of $10 5 cm
À2
, comparable or superior to the record via conventional ELO methods. 17, 18 Structural characterization shows that the residual dislocations are not from the GaN/sapphire interface but are nucleated due presumably to improper choice of growth conditions. It is expected that growth process optimization will lead to further reduction of residual dislocation density. The understanding of the key factors influencing the selective nucleation and growth is one of the key elements of this technology, allowing for one epitaxial growth step (as opposed to two epitaxial steps in all ELO methods reported to date) to be used, and the associated low production cost to be achieved. A gas phase diffusion model is used to study the underlying physics of selective nucleation and growth. Our results also point to an upper limit in terms of the spacing between the patterns beyond which random nucleation occurs. Successful selective growth of GaN on our masked sapphire substrate is demonstrated and discussed in this paper. Fig. 1 is a schematic process flow of the masked sapphire substrate with the serpentine channel structure. First, a thin Si 3 N 4 was deposited on sapphire substrate by low pressure chemical vapor deposition (LPCVD), followed by the standard photolithography and reactive-ion etching to define the 1st level of windows (a set of parallel ½11 20 sapphire oriented 1-2 lm stripes for the c-plane sapphire, or ½1 210 sapphire oriented 1-2 lm stripes for the r-plane sapphire) with a periodicity of 12 lm [ Fig. 1(a) ]. Next, SiO 2 was deposited on the 1st layer by LPCVD [ Fig. 1(b) ] followed by a thicker layer of Si 3 N 4 deposited by LPCVD. Conventional photolithography was employed to define the 2nd level of windows with the same periodicity and orientation [ Fig. 1(c) ] as the 1st level but with a lateral phase shift to form the serpentine crosssectional channel. Finally, isotropic etching of SiO 2 using BOE (HF:NH 4 OH ¼ 6:1) was carried out to remove SiO 2 in the intermediate layer, stopping when the sapphire surface was exposed in the window regions of the first Si 3 N 4 layer [ Fig. 1(d) ]. A plan-view optical microscopy (OM) image of the masked substrate is shown in Fig. 1(e) . The thickness of the 1st Si 3 N 4 layer is chosen to be 100 nm to avoid lateral propagation of the high density of dislocations in the GaN nucleation layer immediately adjacent to the GaN/sapphire interface. The very high density of dislocations at the GaN/ sapphire interface decreases rapidly with increasing GaN layer thickness due to dislocation-dislocation interaction that is effective only for very high dislocation densities. With a 100 nm thick Si 3 N 4 layer, $10 10 cm À2 density of dislocations propagating in the vertical direction can be achieved which can be effectively blocked by the mask with serpentine shaped channel. 9 The direction of the growth front of GaN makes two 90 turns before emerging from the serpentine channel. The growth direction at the beginning is along the substrate surface norm that subsequently turns to become parallel to the surface and finally turns towards the surface norm again when emerging from the serpentine channel. Eventually, the lateral extension of the epitaxial growth fronts leads to full coalescence, forming a complete GaN film with localized defective regions at the coalescent fronts. There is one coalescence front for each mask opening where high densities of crystalline defects are expected. This is in stark contrast to the two high defect density regions per mask opening in all ELO techniques published to date.
Exclusively selective nucleation of GaN on the exposed sapphire surface at the bottom of the serpentine channels was achieved at substrate temperature of 540 C under the precursor (Trimethylgallium and NH 3 ) flow with V/III ratio of 770. 19, 20 The excellent nucleation selectivity was attributed to the lower nucleation barrier of GaN over crystalline sapphire surfaces compared to that over the amorphous surfaces of SiO 2 and Si 3 N 4 . The low growth temperature further ensures high density of GaN nuclei of nearly identical size regardless of the finite time period ($10 min) because of the slow growth rate of GaN at such low growth temperature. The increase of nucleation density with growth time at low growth temperature was evidenced by the monotonically improving sidewall smoothness of the GaN stripes after emerging from the serpentine channels [see Figs. 2(a)-2(c)]. After the nucleation process, the substrate temperature was increased to 1050 C with V/III ratio of 1000 for GaN selective growth on the existing nuclei. The final thickness of the undoped GaN film is 2.5-3 lm.
Using the multi-physics modeling and simulation software (COMSOL), steady state finite element method (FEM) simulation was carried out in parallel with experiments to investigate the underlying physics of this selective growth process. The model took into consideration the presence of a boundary layer through which precursor transport was dominated by diffusion as opposed to laminar or turbulent flow. Since the properties of this boundary layer determined the whole growth process, it was the main focus of the model. A gas phase diffusion model was used in the study and we only focused on the concentration of TMGa while ignoring the influence of NH 3 , which is reasonable in the MOCVD system. The concentration distribution of TMGa from the surface of the masked sapphire substrate to the top of the boundary layer (200 lm height) was described by Fick's law. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] The MOCVD condition during the high temperature growth steps is such that the convection flow of the gas precursors is sufficient to maintain the TMGa concentration (C) at the top surface of the boundary layer is kept constant. The diffusion equation in gas phase was described as
where D (28.1 cm 2 /s) is the diffusion constant. 27, 28 At the exposed sapphire surface, the normal component of the diffusion flux must balance the reaction flux:
where k (247 m/s) is the reaction rate. 25, [28] [29] [30] On the mask, it is assumed there is no incorporation of TMGa:
Simulation environment and boundary conditions are shown in Fig. 3 . Scanning electron microscopy (SEM), transmission electron microscopy (TEM), etch pits experiments and cathodoluminescence (CL) were used to characterize the quality of the as-grown GaN films.
III. RESULTS AND DISCUSSIONS
A. Numerical analysis of growth behavior within the boundary layer
The underlying physics of the observed topography (Fig. 2) can be understood as follows. In the absence of low temperature nucleation steps, nucleation occurs when local supersaturation of TMGa (the governing precursor) reaches the critical value for homogeneous nucleation. Lateral gas phase diffusion along the direction of the stripes leads to significant non-uniformity in TMGa partial pressure because the growth is carried out under the transport limited regime as opposed to the reaction limited regime. In the transport limited regime, the partial pressure of TMGa at the surface of existing GaN islands under the high growth temperature is maintained at zero. Growths of existing islands in this regime proceed at a rapid rate together with the nucleation of new islands at locations sufficiently far away from the existing ones, leading to a large island size disparity. In the other extreme, i.e., with increasing nucleation time at low temperature, the island nucleation and growth processes are separated with significant size increase of existing islands occurring only during the subsequent high temperature growth. When the island density is sufficiently high, the gradient of TMGa between neighboring islands as limited by the gas phase diffusion rate of TMGa at high growth temperatures is insufficient for the nucleation of new GaN islands. As a result, the low temperature growth step of sufficiently long growth time leads to the nucleation of high density of tiny islands that undergo significant size increase only during the high temperature growth step. When the density of the tiny islands is sufficiently high such that the inter-island spacing is significantly smaller than the diffusion length of TMGa under the high growth temperature, the rapid lateral diffusion of TMGa ensures that the tiny islands grow at similar rates. This leads to large scale coalescence, and therefore, a smooth sidewall of the GaN stripes as seen in Fig. 2(c) . The nucleation of new islands stops as soon as the growth temperature is increased with larger TMGa gas phase diffusion length. The 100% selective nucleation of GaN on (0001) sapphire surfaces ensures that there is a "process window" for us to do one-step epitaxy of GaN in the window region on the masked sapphire without the need for a first layer of blank GaN.
Steady state finite element method (FEM) simulation was carried out to explain the experimental data of relatively well defined denuded zones (see Fig. 5 ). Assuming the precursor partial pressure at the top surface of the boundary layer was constant with sufficient gas supply of the precursors, the gradual variation of TMGa partial pressure along the direction of the boundary layer of up to 200 lm thickness is depicted in Fig. 4(a) . The detailed information within 32 lm of the substrate surface is illustrated in Fig. 4 layer at the growth temperature of 1050 C, which is known as the proximity effect. [31] [32] [33] [34] The much reduced TMGa partial pressure in the vicinity of GaN crystalline surfaces is apparently too low for nucleating GaN islands over amorphous SiO 2 and Si 3 N 4 surfaces guaranteeing absolute growth selectivity.
This proximity effect was also verified experimentally at the vicinity of the edges of the masked sapphire substrate. In Fig. 5(a) , there are three distinctly different regions: the serpentine channel structure masked region located on the lefthand side, the Si 3 N 4 covered region in the middle, and the blank sapphire region on the right-hand side. Tiny black spots were observed over the Si 3 N 4 covered region, which were identified as randomly nucleated polycrystalline GaN by SEM [ Fig. 5(b) ]. The lack of edge/facet directional alignment among the nuclei clearly shows that their crystallographic orientation is random. There are two denuded zones free of GaN nuclei with different widths along the opposite edges of the Si 3 N 4 covered region. The width of the left border neighboring the masked sapphire substrate region is about 20 lm, marked as denuded zone 1 in Fig. 5(a) . In contrast, the width of denuded zone 2 is about 80 lm. We have adopted the somewhat arbitrary definition of the denuded zone edge as being where the linear density of the nuclei equals to 0.0125 nuclei/lm. Fig. 5 can be understood by considering the proximity effect of the precursor (TMGa) in combination with the concept of "the effectiveness of sinks of TMGa." The "effectiveness" can be defined as the fractional area of the exposed crystalline (sapphire) surface. The effectiveness of the masked region equals to the ratio of the width of the exposed sapphire strip on the 1st level mask over the pitch of the pattern (hereafter termed the filling factor), with the value for the blank sapphire region being 100%. The calculated relationship between TMGa partial pressure versus the distance from the edge of specific pattern with different filling factors is shown in Fig. 6 . Assuming our model to be correct, it is apparent that the results shown in previously mentioned meets this criterion, leading to the extracted p cr $ 14 Torr.
It is worth noting that the effective surface area of the growth front over the pitch of the pattern is not fixed during the growth. When GaN grows laterally in the channel, the effective growth area shrinks from 1 to 2 lm (width of exposed sapphire stripes) to 0.4 lm (the sample with channel height of 0.4 lm was used in this study). Therefore, considering the pitch of the pattern (12 lm), the filling factor of the serpentine channel masked sapphire substrate is between 0.1 and 0.01, and the predicted width of denuded zone 1 is between 5 lm and 50 lm as shown in Fig. 6 , which is consistent with the 20 lm value obtained from Fig. 5(a) . The small error in the experimental observations can be attributed to the non-precise determination of the dimensions of the serpentine channel. The width of the denuded zone should vary with the channel height. For the channel height of 0.4 lm, 20 lm is expected to be the upper limit of the pitch of the pattern beyond which random nucleation would occur. This is important because it provides the possibility of obtaining up to 4 times wider defect-free regions of GaN compared to conventional ELO methods.
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B. Structural characterization of GaN
Cross sectional TEM studies were carried out as shown in Figs. 
7(a)-7(e). Figures 7(b)-7(e) are dark-field STEM
images showing the detailed evolution of dislocations at four different typical regions of the serpentine channel corresponding to the regions marked as A, B, C, and D in Fig.  7(a) , respectively. The channel length shown in Fig. 7(a) is shorter than our original design. This is due to the undesired but somehow inevitable fluctuations in the processing of different batch of samples, including misalignment in photolithography, over dry-etching, etc. The extremely high density (>10 12 cm
À2
) of dislocations generated at the GaN/sapphire interface due to the 13.8% lattice mismatch allows for high probability of dislocation-dislocation interaction. This leads to a rapid decrease of dislocation density due to the annihilation of dislocation half loops within the first 100 nm of the interface. Such behavior is evident from the comparison between Fig. 7(b) with Fig. 7(c) . In the case of GaN epitaxy over sapphire or Si with over 10% of lattice mismatch, the >10 10 cm À2 density of dislocations and the higher than 1000 C growth temperature lead to low residual strain, thus the driving force for the propagation and nucleation of dislocation. The only reason for the extension of dislocations introduced at the beginning of the growths during island coalescence with continued growths is the forbidden termination of dislocations inside the bulk crystals. Dislocations could potentially bend due to image force. The serpentine shaped channel serves to eliminate both mechanisms for the continued extension of dislocations. Therefore, it is expected to be capable of rendering orders of magnitude lower dislocation densities compared to the state of the art. It can be seen from Fig. 7(b) that all of the reduced dislocations terminated at the nearest surface of the overhanging Si 3 N 4 serpentine channel mask despite the fact that some of the dislocations are bent in the direction of propagation, i.e., all the dislocations generated at the GaN/sapphire interface were effectively blocked by the serpentine channel structure. This is the key innovative point for the proposed technique to achieve significant dislocation reduction. Figs. 7(c) and 7(d) show isolated dislocations running parallel to the GaN/sapphire interface. Such dislocations do not threaten the device performance fabricated at the top surface of the GaN layer similar to what has been shown for SiGe virtual substrates. 35 No threading dislocations perpendicular to the interface are visible as GaN grows out as shown in Fig. 7(d) , which is attributed to the effectiveness of the serpentine channel in filtering dislocations. A coalescence front between adjacent stripes is shown in Fig. 7(e) . High density of dislocations associated with the coalescent fronts is evident as expected. This finding highlights one of the key advantages of the innovative mask structure with serpentine channels. Comparing to other ELO techniques with at least two such defective regions, the feature of one coalescence front per mask opening renders wider contiguous dislocation-free regions. Top-view SEM image of GaN film after H 3 PO 4 þH 2 SO 4 solution etching (etch pits density measurement) at 160 C for 60 min is shown in Fig. 7(f) . We observed a variation in etch pits density with the lowest value being around 4 Â 10 5 cm
which we have been able to achieve so far, with much lower dislocation densities expected upon optimization of the growth condition. The fact that the observed pits showing a large size dispersion indicates that the dislocations are at different depth from the surface with the smaller ones being terminated deeper down. It is presumably due to the fact that some of these dislocations bent in propagation directions and did not terminate on the surface of GaN film. Samples with different channel heights (0.3 lm-1.2 lm) were fabricated to study the difference in the selective nucleation and growth behavior and the dislocation filtering effect. Both the simulation and experimental results showed that the channel height is not a limiting factor for selective growth and dislocation filtering effect of the channel.
C. Electronic property characterization of GaN
CL is employed for the capability of spatial mapping, providing indication of the spatial variation of the GaN crystalline quality from the perspective of luminescence intensity (Fig. 8) . Fig. 8(a) is the cross-sectional SEM image of GaN stripes grown out of the serpentine channel mask prior to coalescence. Figs. 8(b) and 8(c) are monochromatic CL images taken at the same region as Fig. 8(a) at 560 nm and 365 nm, respectively. It was found that the GaN in the channel region exhibited a yellow luminescence at 560 nm, as seen in Fig.  8(b) (marked by the arrow), which indicated that there were a large quantity of defects in epitaxial GaN in the channel. From the CL image at 365 nm in Fig. 8(c) , we can also see that the intensity of the near band edge emission is lower in the channel compared to that of the lateral overgrown region confirming that the GaN is defective in the channel region, which is consistent with Fig. 8(b) . GaN out of the upper windows and in the wing regions are of high quality. Panchromatic CL image of one GaN strip is shown in Fig.  8(d) . CL spectra were measured [Figs. 8(e) and 8(f)] in different typical positions as indicated in Fig. 8(d) . We can see in Fig. 8(e) , the intensity of yellow luminescence is largest in the channel region and decreases along the wing region, while in Fig. 8(f) , the intensity of the near band edge emission is smallest in the channel and increases along the wing region. Therefore, it can be concluded that the GaN in and just emerging from the channel is highly defective, while the GaN quality is improved along the lateral growth region using the proposed technique. The much higher growth rate of GaN in the channel is believed to be the reason for the high densities of point defects in the channel. 28, [36] [37] [38] [39] [40] [41] [42] Also, the high intensity of yellow luminescence in the channel region may indicate excess carbon incorporation due to high growth rate in the channel, low growth temperature (540 C) and low V/III ratio (770) of the initial selective nucleation process. [43] [44] [45] Fig. 8(g) shows the simulated growth rate variation in and out of the serpentine channel. Assuming the growth rate of GaN on the blank sapphire substrate is 2 lm/h and, considering only the geometrical change of GaN growing front, the growth rate in the serpentine channel can be up to 66 lm/h which results in a high density of point defects. Therefore, lower point defect densities are expected upon optimization of the growth condition, i.e., lowering the growth rate within channel, etc. 46 In order to verify that the simulated growth rate is consistent with the actual growth rate, the final film thickness of GaN was calculated to be 3.2 lm using the simulated growth rate at different stages. This is in good agreement with the experimental result showing the GaN film is about 3 lm thick.
IV. CONCLUSION
Very low dislocation density was achieved using a serpentine-channel masking technique with further reduction by optimizing the growth condition, i.e., lowering the growth rate in the channel region being actively pursued. Our experimental observation points to the fact that the residual dislocations are newly nucleated over the masks due presumably to the yet-to-be optimized growth conditions as opposed to dislocation leakage. Cross-sectional TEM pictures clearly show the effectiveness of the serpentine channel in filtering dislocations. TEM, etch-pit and CL results show the quality of the GaN crystal being comparable or superior to typical ELO materials with stark advantages of single growth step and one defective region per mask opening, which leads to reduction of cost and larger dislocation-free areas. A low temperature nucleation step of GaN over sapphire for 100% selective nucleation has been utilized enabling one-step epitaxial growth of high quality GaN over the masked sapphire. This is a feature with tremendous economical impact that separates our approach from all the published ELO techniques. The underlying physics associated with growth selectivity were studied by the steady state finite element method (FEM) simulation approach. The near perfect growth selectivity was attributed to the proximity effect. The advantages of one-step growth and large dislocation-free area make this novel technique a promising candidate for the growth of high quality III-nitride and the subsequent device fabrication. This technique opens up tremendous application potential for high brightness LEDs, laser diodes, and high-power, high-efficiency transistors.
